Evaporation and surface structure of liquids T he condensation coefficient (c.c.) o f a liquid is defined as th e ra tio o f th e observed ra te o f ev ap o ratio n u n d e r given conditions to th e 'e x p e c te d ' ra te c alc u lated from th e kno w n s a tu ra tio n v a p o u r pressure, for th e sam e conditions. V alues o f th e c .c . less th a n 1 h av e been rep o rted in th e p a st, b u t th e accu racy o f th e ex p erim en ts has been criticized on vario u s grounds. E x p e rim e n ta l w ork is described w hich establishes th a t th e c.c. o f glycerol a t 18° C is 0 0 5 2 4; 0*005. P reviou s ex p erim en tal d e term in atio n s are review ed in th e lig h t of th is resu lt, a n d it is found th a t for v ario u s liquids th e c .c. is n early eq u al to th e free-angle ra tio defined b y K in caid a n d E y rin g on th e basis of a sim ple m odel o f liq u id stru c tu re . T his eq u a lity is n o t found for chloroform .
T he condensation coefficient (c.c.) o f a liquid is defined as th e ra tio o f th e observed ra te o f ev ap o ratio n u n d e r given conditions to th e 'e x p e c te d ' ra te c alc u lated from th e kno w n s a tu ra tio n v a p o u r pressure, for th e sam e conditions. V alues o f th e c .c . less th a n 1 h av e been rep o rted in th e p a st, b u t th e accu racy o f th e ex p erim en ts has been criticized on vario u s grounds. E x p e rim e n ta l w ork is described w hich establishes th a t th e c.c. o f glycerol a t 18° C is 0 0 5 2 4; 0*005. P reviou s ex p erim en tal d e term in atio n s are review ed in th e lig h t of th is resu lt, a n d it is found th a t for v ario u s liquids th e c .c. is n early eq u al to th e free-angle ra tio defined b y K in caid a n d E y rin g on th e basis of a sim ple m odel o f liq u id stru c tu re . T his eq u a lity is n o t found for chloroform .
T he th eo ry o f e v ap o ra tio n is discussed on a m odel o f th e liq u id surface consisting o f a com pact ordered lay er w ith a m obile adso rb ed lay er of m olecules above it. O n th e a ssu m p tio n th a t ev a p o ratin g a n d condensing m olecules pass th ro u g h th e adso rb ed condition, it is show n th a t th e c.c. is determ in ed b y th e ra te s of exchange betw een s u b s tra te a n d ad so rb ed layer, a n d adsorbed lay er a n d vap o u r, respectively. I n p a rtic u la r, a c.c. n e a r u n ity resu lts if th e ra te of exchange betw een su b s tra te a n d m obile lay er is v ery m u ch g re a te r th a n th a t b etw een m obile lay er a n d v ap o u r. T he above a ssu m p tio n does n o t give a satisfacto ry ex p la n a tio n o f th e eq u ality of c.c. a n d free-angle ra tio for alcohol m olecules.
I t is show n th a t for polar m olecules w hich form a n o rien ted surface lay er in th e liq u id s ta te it is to be ex pected th a t ev a p o ra tio n will ta k e place m ain ly b y d irect exchange o f m olecules b etw een th e ordered lay er a n d th e vap o u r, alth o u g h an adsorbed lay er will be p resen t. I n th is case an arg u m en t given b y H erzfeld shows th e co ndition for e q u a lity o f c.c. a n d free-angle ra tio to be th a t th ere should be no exchange o f energy betw een ro ta tio n a l a n d tra n sla tio n a l co-ordinates in th e process of ev ap o ratio n . I t is fu rth e r concluded from a ra th e r q u a lita tiv e discussion th a t a m ajo r co n trib u tio n to c.c. a n d free-angle ra tio for th e sim ple alcohols arises from restrictio n o f ro ta tio n of th e h y d ro x y l group a b o u t th e carbon-oxygen bond.
I n t r o d u c t i o n
The maximum possible number of molecules leaving a unit area of the surface of a substance per unit time when it is in equilibrium with its vapour is equal to the number striking a unit area per unit time from the vapour. The latter is given by the kinetic theory, and is {2nmkT)~ip 0 molecules cm.-2sec.-1, where p 0 is the saturation vapour pressure at temperature T, and m the mass of a molecule.
If now the space over the surface be kept at a pressure of vapour p less than p 0, we may calculate an expected rate for the evaporation assuming that the change in density of the vapour has no effect on the rate at which molecules leave the con densed phase. Since the latent heat of expansion of the vapour is so much less than the latent heat of vaporization of the condensate, this assumption seems highly plausible. The expected rate is then
It is found, however, that for a number of materials the rate of evaporation determined experimentally is very much less than the expected value.
These experimental results may be accounted for in various ways, as follows: (а) There may be a considerable probability of a molecule arriving from the vapour being at once reflected without entering the condensed phase.
(б) Molecules may condense on the surface in a configuration other than th at of the underlying material and subsequently either re-evaporate or become built in to the condensed structure.
(c) The molecular species involved may be wrongly identified, as in the case of phosphorus discussed below.
In any of these cases we may define a quantity, the condensation coefficient, as the ratio of the actual to the expected rate of evaporation. This may or may not be independent of the pressure over the surface. I t measures the probability th a t a molecule arriving from the vapour will condense in the strict sense, i.e. in such a way as to form part of the structure of the condensed phase. Melville & Gray (1936a, b) have shown th at a discrepancy of 10-7 in the rate of evaporation of red phosphorus is due to the fact th at in an enclosed space red phosphorus reaches equilibrium with a vapour of P 4 molecules, whereas the units taking part in evaporation and condensation are P 2 molecules. Again, Haward (1939) has observed that the condensation of benzoic acid from a rough molecular stream on to a deeply cooled surface involves the formation of dimers in a mobile adsorbed film on the crystal surface. The importance of this effect depends on the saturation of intermolecular forces in small groups-pairs in each of the cases mentioned-corresponding either to primary valence bond or hydrogen-bond formation. The carboxylic acids, which dimerize with the formation of a ring 384 G-Wyllie
and are known to be paired in this way in the solid state, accordingly show this behaviour in a particularly simple form. Langmuir (1916) has pointed out th at molecules of the vapour approaching the condensate surface are attracted, and so will arrive at the surface with average energy in excess of that corresponding to the temperature. Their interaction with the surface molecules will in general result in the transfer of this excess energy to the molecules of the condensate, so th at most incident molecules will remain more or less loosely bound to the surface until they are again thermally excited. Detailed calculation has not so far proved practicable save for rather simplified cases (see Alty, 1937) and the accommodation coefficient, although it has been measured for various gases and vapours on metal surfaces, has not been found for a vapour on its own condensate. There is thus no conclusive evidence of the importance of possibility (a).
For solid crystals, alternative (6) is now clearly established by the work especially of Volmer (1939) and his collaborators, and by the investigations of Cockcroft (1928) , Haward (1939) and Neumann & Costeanu (1939) . However, the experimental work for solids is complicated by several factors:
(i) In poly crystalline material the surface area is quite uncertain.
(ii) Even for single crystals the condensation coefficient depends on the crystal face considered.
(iii) Unless the crystal has its equilibrium form, etch pits, i.e. hollows in one face bounded by other crystal planes, are likely to develop.
For liquids, on the other hand, the surface can safely be taken to be the apparent superficies (unless there is a likelihood of film-spreading such as spoiled the attem pt of Neumann & Costeanu to find the condensation coefficient of liquid potassium perrhenate). Further, the surface rapidly adjusts itself to changed conditions, attaining an equilibrium structure which then remains constant until conditions are again changed. These advantages make determination of the condensation coefficient for liquids of interest in spite of the difficulty of relating the results to an imperfectly understood bulk structure.
Priiger (1940) gives a review' of previous work on this subject and shows th a t discordant results are generally to be ascribed to the difficulty of obtaining measure ments of the temperature of the evaporating surface. His own careful measurements on water and carbon tetrachloride near their respective boiling-points, using a small pressure defect over the surface and determining the surface temperature directly by means of a fine thermo junction, give results agreeing within a factor of 2 with those obtained by Alty & Nicoll (1931) , Alty (1933) , and Alty & Mackay (1935) . Alty in his latest work on water measured surface tension to obtain temperature, using lower vapour pressures but a relatively much larger pressure defect than Priiger. Baranaev (1939) made a series of determinations a t about room temperature using very accurate pressure measurement and a small pressure defect over the surface. However, all these experiments at rather high pressures-several mm. of mercury and upwards-are open to two objections. On the one hand, it is con ceivable th a t the rate of evaporation does depend very much on the pressure of vapour actually present, though if this were the case the substantial agreement of Alty's and Priiger's results for water is surprising; on the other, the large tem per ature gradient at the liquid surface associated with the rather large rate of evapora tion makes the measurement of surface temperature uncertain. This last criticism is less substantial for Baranaev's work than for the others', but unfortunately his thermocouple seems to have been less refined than th at used by Priiger, so th at the small drop in temperature that he found at the surface cannot be regarded as established by the measurement.
The only previous experimental work which avoids both of these criticisms is th at of Knudsen (1915) on mercury. His finding th at the condensation coefficient of mercury vapour on a clean surface of liquid mercury is unity, however, leaves open the question of the value for materials consisting of less simple molecules. I t thus became evidently desirable to determine whether a liquid of low vapour pressure could be found to have a condensation coefficient of less than unity under similar conditions. E x p e r i m e n t a l I t was observed that all those substances, which in previous work had shown con densation coefficients markedly less than 1, had large dipole moments. Accordingly, in the present work various polar substances of fairly large molecular weight were examined. Glycerol was finally selected for precise measurement. The material used was 'A nalaR' reagent thoroughly dried but not otherwise purified.
The experimental method adopted was to determine the vapour pressure by the molecular effusion method, then to remove the cap carrying the effusion orifice and find the rate of evaporation from the same vessel into vacuum.
The arrangement of the apparatus is as follows. An aluminium standard of 10 cm. overall length was ground into a pyrex tube of 2 cm. internal diameter, and had its upper end recessed to carry the experimental vessel. The tube was connected through a liquid-air trap to a vacuum system. A thermocouple was clamped to the head of the standard and the wires led out through the base, where they were sealed with Apiezon hard wax.
The first design of the apparatus incorporated a glass surface cooled by liquid air, 1 cm. from the cap of the experimental vessel. I t was found, however, th a t loss of heat by radiation caused a temperature gradient in the walls of the vessel sufficient to make it act as a reflux condenser, so the arrangement shown in figure 1 was substituted. The vessel was initially made from stainless steel, but the liquids used in the experiments spread over the surface of the metal, making the area of the evaporating surface quite indeterminate, so a thin glass tube ground into a brass cap as in figure 1 was used instead, the recess in the head of the standard being fined with the same vacuum grease as was used for the joints of the apparatus, to ensure satisfactory thermal contact between the aluminium and the glass. The glass had the advantage th a t it could be very thoroughly cleaned by washing with various agents and then heating to the annealing temperature in a blow-pipe flame-an operation of some difficulty with such thin material.
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The experimental procedure was as follows. A clean glass tube containing about 5 g. of glycerol was put into the apparatus in place of the standard, with a glass stopper supporting the tube in the ground joint, and kept under vacuum for a week to remove the last traces of water. A few drops were transferred to the experimental vessel, care being taken to avoid as far as possible the transfer of material from the surface layer. The vessel was weighed, mounted in the standard, and inserted in the apparatus.
Since an oil-diffusion pump was used to obtain high vacuum, the apparatus was first pumped out with the rotary pump, filled with hydrogen at about half atmos pheric pressure, and cut off from the vacuum system while the oil-diffusion pump was brought into action. Then the apparatus was re-connected to the vacuum system. Liquid air was applied to the trap when the pressure fell below 10~4mm. Hg, and the experiment was timed from th a t moment.
A series of experiments with indene showed th a t 5 min. should be added to the time of an experiment to allow for this preliminary manipulation. At the end of an experiment the apparatus was cut off from the pumps, air adm itted and the experimental vessel at once removed and weighed. Vapour pressure and free evaporation experiments were conducted alternately, the duration of an experiment varying from 5 to 35 hr.
During the experiments on glycerol the temperature of the apparatus was kept constant by a thermostatically controlled air-bath. The temperature indicated by the thermocouple remained within the limits 17-9 and 18T° C while the bath temperature fluctuated between 17*5 and 18*5° C, the aluminium standard proving quite a good thermal shock-absorber.
The preliminary experiments on indene indicated th at this material had too high a vapour pressure (0*6 mm. Hg a t 15° C) and evaporated much too rapidly for this method to be applicable with any accuracy. The observations showed, however, th at the condensation coefficient certainly did not differ from unity by a factor of so much as 3.
W ith glycerol the rate of evaporation was very slow both with the cap on and off the vessel. There was no difficulty in determining surface area, since the glycerol failed to wet the freshly annealed glass surface, giving a contact angle of about 30°. Rough preliminary experiments indicated a surprisingly low value (10-3 to 10~2) for the condensation coefficient.
Such low results, if spurious, may be accounted for in two ways. Either the liquid surface may be contaminated or the vapour pressure may be overestimated. All possible precautions were taken to avoid the first of these, but it still seemed possible th a t vapour from the grease in the apparatus might be affecting the surface. This would be expected to show itself in a steady decrease in the rate of free evaporation of a sample as it was kept in the vacuum. In fact, if a sample was taken which had not been dried in high vacuum in the apparatus, it did show a steady decrease by a factor of the order of 5. However, the time for the rate to fall to a given fraction (|) of its initial value was proportional to the mass of the sample-a result consistent with the removal of the last traces of dissolved water but not with the deposit of vapour on a surface which was independent of the mass.
Further, contamination of the surface by heavy molecules from the grease would be expected to have more affect on the rate of evaporation than on the vapour pressure and so give rise to a reduction of the condensation coefficient. The opposite effect was observed.
Overestimate of the vapour pressure might arise from leakage at the edge of the cap. This was easily eliminated by sealing the edge in a few experiments. No effect was observed.
Another source of error might be the escape of molecules by surface migration round the edge of the hole. However, when a smaller hole was substituted, the rate of evaporation was, within experimental error, proportional to the area of the hole, a result inconsistent with substantial escape by surface migration which would be proportional to the perimeter.
Finally, the vapour pressure might be overestimated if the liquid were not adequately dried. The final results were obtained with material which had been kept in vacuo till its rate of free evaporation was unaltered by 3 days' further drying. The rather higher figure obtained for the condensation coefficient shows th a t the earlier results were in fact obtained with imperfectly dry material.
Results for the rates of evaporation were finally reproducible within the error of weighing. A certain amount of accuracy was sacrificed to expedition by the use of a chain device. This is the major contribution to the estimated error in the vapour pressure. The measurements were interpreted using the formula: rate of efflux of vapour per unit area from an orifice smaller than the mean free path of the molecules in the vapour = 3-45(Jf/T)* P g. min.-1 cm.
-2 where M is the molecular weight in terms of the atom of hydrogen as unit (92 f glycerol) and P is in mm. Hg.
Thus vapour pressure = (1/3-45) x rate of evaporation from hole area of hole = 0-14 + 0-01 x 10-3mm. Hg at 18° C.
Again the condensation coefficient is given by rate of evaporation from free surface area of hole J rate of evaporation from hole area of free surface
(1-40 + 0-03) x 10-5 mg. min.-1 cm.-2 (2-7 ± 0-2) x 10-4 mg. min.-1 cm.-2 .
= 5-2 ± 0-5 x 10-2 at 18° C.
This result is calculated using the full superficial area of the free surface. Since the surface is concave there is a correction which in the limiting case w hen/ = 1 reduces the effective surface to the cross-section of the tube. This correction, however, diminishes very rapidly with decreasing /, and is in this case quite negligible.
D i s c u s s i o n
In the light of the above results it seems profitable to review the previously determined values of the condensation coefficients of liquids. These are summarized in Eyring and his collaborators (Hirschfelder, Stevenson & Eyring 1937; Eyring & Kincaid 1938) have developed an account of liquid structure in which the partition function for the translatory motions of the molecules is expressed in terms of a free volume which can be estimated from the velocity of sound in the liquid. From the estimated free volume and the observed vapour pressure, Eyring & Kincaid evaluate the 4 free-angle ratio i.e. the ratio of the partition function for rotation of the molecules in the liquid to th at for the molecules in the vapour, on the assumption th at the partition function of internal vibration of a molecule is unaltered by the transition from the liquid to the vapour phase.
There is a surprisingly close agreement between the values of condensation coefficient and free-angle ratio for benzene, carbon tetrachloride and liquids which are associated by hydrogen bonds and have an anomalously high entropy of vaporization at constant normal volume of vapour. This agreement fails for chloroform which, in spite of its high dipole moment, does not form hydrogen bonds and has a relatively low anomaly in entropy of vaporization.* It will be seen th at we can interpret these observations in terms of the surface structure of the liquids.
In the disordered interior of a liquid, a molecule (or group of molecules) can arrange itself in quasi-crystalline grouping with its neighbours on one side or the * F u rth er, there is an interesting degree of agreem ent between th e experim ental results of B aranaev and th e values calculated by him on th e assum ption of an energy of activation for evaporation, which he obtained by com parison of th e surface free energy w ith the internal energy of vaporization. As Fuchs (1933) pointed ou t in connexion w ith a suggestion of M iya m oto, an activation energy such as this is regained by a molecule on escape, so th a t molecules evaporating from th e surface of a liquid would have a m ean velocity m uch higher th a n th a t corresponding to th e tem perature of the liquid. This effect has n o t been observed, though for low values of the condensation coefficient it should be considerable, so B aranaev's interpretation sgems unlikely to be correct.
other, but generally not both. Any regular order temporarily established is destroyed by thermal fluctuation in a time comparable with the period of molecular vibration. At the free surface, however, a molecule has neighbours on one side only and a much greater degree of order may be preserved. This is illustrated by the considerable electrical moment of the surface double layer in water, for example.
Thus we may consider as a first model for the structure of a liquid surface a regular layer not dissimilar, a t least locally, to the solid surface; and loosely bound to it a layer of comparatively freely rotating mobile molecules such as has been shown to exist on many solid crystals. We shall analyze first the simplified case in which all molecules evaporate or condense by passing through the intermediate mobile layer. Polanyi & Wigner (1928) have given a formula for the probability th a t a molecule will escape radially in a solid angle & > from a site of potential energy ew about which it oscillates with frequency v over a potential hump e0 in time dt\ this iŝ 0 _ 0 -(e0-e^/fc 7'^.
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We may apply this formula to determine the rate of escape, considering only the translatory motion of the molecules. Since the long-range interaction between molecules due to van der Waals' forces is attractive in character, we should expect th at there should be no extra activation energy required for this transition and th a t e0 should be the minimum potential energy of molecules in the mobile adsorbed layer. This condition can be relieved without materially altering the subsequent argument.
If the molecules can escape from sites of different types, and there are on the average N r sites of type ro n a unit area of surface, the number o ferred to the mobile layer per unit of area and time is Under equilibrium conditions this must be balanced by the number condensing out of the mobile layer. The number condensing to sites of type r per unit area per unit time must be of the form , ,,
where n is the concentration of molecules in the mobile surface layer. If n0 is the value of this concentration for a surface in equilibrium with the saturated vapour, we obtain <*r»0 = !re j w re-l,-^, "'T for the value of < j . \at concentration w0. We suppose th a t to a reasonable app tion (f)r is independent of n. If, further, we suppose Nr to be independent of n, the resultant rate of transfer of molecules into a mobile surface layer of concentration n is < i)rvrNr e0 -er TT kT e -(e0-e r)lkT 1^0
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Now let us consider the exchange of molecules between the vapour and the mobile layer. If the pressure of vapour over the surface is the number of vapour molecules falling into the mobile layer per unit area per unit time is (27imkT)~^p. I f we take the zero of potential energy to be th a t of a vapour molecule infinitely far from the surface, the energy required for a molecule in the mobile layer to escape from its equilibrium distance from the surface to infinity is -so, as Frenkel has shown, the number of such molecules escaping per unit area per unit time is nvQ e€o/kT.
At the saturation vapour pressure, then, we have for the rate of exchange between surface layer and vapour
and for the exchange between surface layer and substrate
We notice th a t there is no necessity for these rates of exchange to be equal. Now consider the state of steady evaporation or condensation in which p is maintained a t a steady value not equal to p 0. Then the net rate of transfer of molecules from the surface layer into the vapour is In other words, if the rate of transfer of molecules from the substrate into the surface layer is so large th at the concentration in th at layer is sensibly independent of the pressure of vapour over it, the condensation coefficient will be u n ity ; if, on the other hand, that rate is small, the condensation coefficient will be nearly its ratio to the rate of exchange between surface layer and vapour at equilibrium. So far this argument has taken no account of the rotations of the molecules. Herzfeld (1935) has shown th a t the rate a t which molecules escape from a potential well is very much dependent on whether there is exchange of energy between the rotational and translational degrees of freedom. In fact, for molecules in such a field that their vibrations are simple harmonic, if the energy required to remove a molecule to infinity from a given position of its centre of gravity is decreased below its value for the equilibrium position by the potential energy of rotational as well as translational displacement, the rate of escape is increased by the reciprocal of the free-angle ratio.
Now it is evident that if the rotation of molecules is restricted in the condensed phase, but not in the adsorbed layer or the vapour, the concentration of molecules in these latter regions is increased, by the reciprocal of the free-angle ratio, beyond what would be expected on the argument given above, which neglects rotation. I f the potential energy of rotation does not contribute to the escape of a molecule from the substrate, however, the rate of exchange between substrate and adsorbed layer is unaltered in spite of the change of concentration, so th a t for the condensa tion coefficient we must replace f = aj(a + bp0) by / = If, in accord with the experimental data, this is put equal to then if 8 is small we must have a = bp0 , which we have no reason to expect. This, moreover, would imply th a t in the absence of the hindrance to rotation in the liquid the condensation coefficient would be 0*5 instead of 1, so it appears th at on our assumptions restricted rotation by itself is not adequate to account for the observed condensation coefficient.
This discussion, however, has all been conducted on the supposition th at con densation and evaporation proceed through the intermediate mobile adsorbed layer. I f we can show reason why this should not occur, Herzfeld's argument can be at once applied to the direct exchange of molecules between vapour and condensate.
Such a reason can be found for those polar molecules which form a more or less uniformly oriented layer a t the surface. The resulting sheet of dipoles has, at distances large compared with the intermolecular distance, the same effect as a uniform electrical double layer. The removal of one molecule from the sheetth at is, the formation of a site into which a molecule could condense-gives rise to a field which is th a t of an oppositely oriented dipole a t the vacant site, and consequently repels a molecule which is correctly oriented for condensation and is within the narrow range of solid angle required. A molecule of correct orientation some distance off to the side will experience an attraction as indicated in figure 2 .
This repulsive effect is superposed on the normal attractive field, the principal part of which arises from the high polarizability of the liquid and is simply the electrostatic image force (very little less than for a conductor). The forming of a site for condensation is then equivalent to depolarizing the liquid locally, so th at the potential energy of a molecule properly oriented for condensation in the neighbour hood of a vacant surface site is as shown in the contour diagram of figure 2.
The net result is th at there is no activation energy for the exchange of molecules between liquid and vapour, but a substantial one for the exchange between liquid and adsorbed layer. In equilibrium this is counterbalanced by the fact th a t the concentration of molecules in the adsorbed layer is higher than in the vapour by a Boltzmann factor of approximately the same magnitude as th at arising from the activation energy for complete condensation, so th a t the ratio of direct evaporation to evaporation through adsorbed layer a t equilibrium is determined by a solid angle factor only. Consequently, the total rate of evaporation is determined within a factor of the order of 2 by the direct evaporation, when the pressure of vapour is less than the saturated vapour pressure.
region of ad sorbed layer true surface layer F ig u r e 2. P o te n tia l energy contours for a molecule properly oriented for condensation in th e neighbourhood of a v acan t surface site.
I t is further probable th at the rate of exchange between substrate and adsorbed layer is, in the range of measurement, dependent on the concentration in the adsorbed layer. In equilibrium this concentration must be rather high, as the electrostatic binding of an adsorbed molecule is a considerable fraction of the heat of evaporation. The dipole interaction of these molecules is long-range, so the layer cannot reasonably be described as an ideal two-dimensional gas. This is confirmed by Alty's results, for since the surface temperature and the corresponding vapour pressure are very sensitive to small variations in surface tension, the good agreement of his result for the condensation coefficient, finding surface temperature by surface tension, with th at obtained by a rougher but more direct method indicates th a t the surface pressure of the mobile adsorbed layer, whose concentration is much reduced under the reduced vapour pressure, is lower than would correspond to an ideal case. Thus in evaporation the direct exchange between vapour and condensate, and in condensation the indirect exchange, will be relatively more important than at equilibrium. The importance of this effect could be found by measurement of the condensation coefficient both in condensation and evaporation, but the writer is not aware of any such measurements at constant surface temperature.
Then the observed equality of condensation coefficient and tree-angle ratio for hydrogen-bonded liquids can be explained by the supposition th at the kinetic energy required for a molecule to escape from its position in the surface is inde pendent of tilt-when tilt refers to whatever co-ordinates are in fact involved in determining the free-angle ratio. This is obviously untrue for the rigid rotations of the molecule, considering only electrostatic forces, and it is unlikely th at its neighbours should so jam a tilted molecule as just to verify the supposition: how ever,'for these materials, Eyring & Kincaid's assumption th a t the internal motions of the molecules are the same in the vapour and the condensed phase is certainly untrue. The motion of the hydroxyl hydrogen atom of an alcohol molecule relative to its neighbour oxygen is completely altered by the hydrogen-bond formation, and this may give the major contribution to the apparent free-angle ratio.
I t is necessary, first, to consider the fact th a t in the hydrogen bond the hydrogen atom concerned has two alternative asymmetric positions between the two oxygen atoms. The contribution to the entropy of the condensed phase corresponding to this can be regarded as arising from a modification of th a t internal vibration of the molecule in which the bonding hydrogen moves towards and away from the oxygen. This will give an increase of the free-angle ratio deduced from measurement, by a factor of 2 for completely random distribution of the protons.
On the other hand, if we consider the possible arrangements of bonding hydrogen atoms in any particular chain of bonds it is evident th a t only a few arrangements do not have high electrostatic energy. Thus, although the exchange of hydrogen between neighbouring oxygen atoms is of great importance to the dielectric pro perties, the corresponding factor in the partition function is small in effect compared with th at arising from restricted rotation of the hydrogen around the oxygen atom.
I t is possible to estimate the frequency of transverse vibration of the proton in a hydrogen bond by considering it sliding on the surface of one oxygen ion under the field of the other. An estimate of the minimum effective charge on hydrogen and oxygen may be obtained from the known dipole moment and size of the normal hydroxyl group. The frequency thus estimated is of the order of 1*5 x 1013 sec.-1, so the vibration is highly degenerate a t room temperature (h ṽ 10 x 10~14, k ~ 4 x and the corresponding factor in the partition function is near unity. On the other hand, the partition function of the free* rotation of the OH group about the C-O bond is 6, so th at the greater part of the Tree-angle ra tio ' for, e.g. methyl alcohol may arise from this source. Each water molecule gives hydrogen to two hydrogen bonds in the crystalline state, so the whole of the free-angle ratio for water is directly due to this effect. For the alcohols, the residual part of the free-angle ratio is due to the interaction of the paraffin tails coupled with the comparative rigidity of the H -O-C angle. This probably accounts for the difference between methyl and ethyl alcohol.
Thus it is possible to account a t least qualitatively for the observed equality of condensation coefficient and free-angle ratio in water and the alcohols, in terms of a simple model of the surface structure and the known properties of the hydrogen bond. For such liquids as benzene or carbon tetrachloride, it is more doubtful whether the model is physically valid, but the high condensation coefficient observed may be explained by saying th at interchange of molecules between the two surface layers is much more rapid than any other process in the evaporation * There is evidence from th e dielectric properties and m olecular spectra th a t in the vapour this rotatio n is effectively free. See Onsager (1936) and H erzberg ( 1945, p. 497) .
